Systematics analyses on nucleon isovector observables in 2+1-flavor dynamical domain-wall
lattice QCD near physical mass
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Lattice 2014 at Columbia University in the City of New York, June 2014

RBC and UKQCD collaborations have been generating dynamical Domain-Wall Fermions (DWF') ensembles:
e cood chiral and flavor symmetries,

that allowed us do a lot of good pion and kaon physics as well as nucleon.
We are now running at physical pion mass: Sergey Syritsyn’s talk.

This talk: puzzling and persistent deficit seen in the isovector axial charge, g4, using
e light, m, ~ 171 and 248 MeV, quarks (myqa = 0.001 and 0.0042, and myea ~ 0.002),
e a large, (4.6fm)?, volume (a=t ~ 1.371(10) GeV),

made possible by Iwasaki + dislocation suppressing determinant ratio (DSDR) gauge action, and by Meifeng
Lin, Yasumichi Aoki, Tom Blum, Taku Izubuchi, Chulwoo Jung, SO, Shoichi Sasaki, Eigo Shintani, Takeshi

Yamazaki, ...

*Institute of Particle and Nuclear Studies, High-Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305-0801, Japan
fDepartment of Particle and Nuclear Physics, Sokendai Graduate University of Advanced Studies, Hayama, Kanagawa 240-0193, Japan
{RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, NY 11973, USA



Shigemi Ohta Nucleon g4 systematics, Lattice 2014 1

Nucleon form factors, measured in elastic scatterings or 8 decay or muon capture:
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Related to mean-squared charge radii, anomalous magnetic moment, g = Fy/(0) = Grepmi €08 Ocabibbo, g4 =
F4(0) = 1.2701(25) gy, Goldberger-Treiman relation, myga X frgznn, ... determine much of nuclear physics.

Fy =F, Fr=F,,Ggp=F — Fy, Gy = Fy + Fo.

On the lattice, with appropriate nucleon operator, for example, N = egp(ul Cysdy)u,, ratio of two- and
r,o
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three-point correlators such as with
P C2pt(tsink)
1+ _
Cope(tini)) = 3 ( %) (N5t Na(0),
aB\ 2 Jap
O (tinies 1) = > Fag{Na(tsin) O(t)Na (0)),

give a plateau in t for a lattice bare value (O) for the relevant observable, with appropriate spin (I' = (14+;)/2
or (14 4)iysvk/2) or momentum-transfer (if any) projections.
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Deep inelastic scatterings ; |
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e unpolarized: W (z, Q%) = ( g 749 )Fl(g; Q?) + (pu _ V2qu> (P” _ V2qu) Q(w’Q)’
¢’ q q v

e polarized: W (z, Q%) = ie"*"q, (%@1@, @)+ ool @)~ L2 g ,Q2))
withy =¢q- P, S? = —-M?* x=Q*/2v.
Moments of the structure functions are accessible on the lattice:
2 [ dae " Fi(e, Q) = 3 AN /Q% 0() ()10) + O(L/Q?),
b dea B, Q) = 5 AR/ gl) (27)ul) + O1/@Q7),
2 [ doa (0, Q%) = 5 e /Q gl) (")) + O/ QP),
2 [} dea (e, @) = S QP gl) i) — 2602 QP (1)) (27 g 1)) + O(1/@P)
q=u,d

® ¢, ¢y, €1, and ey are the Wilson coefficients (perturbative),

o ("), (1), (z")aq(p) and d,,(pe) are forward nucleon matrix elements of certain local operators,

e 50 is (1)s,(p) = (P, S|wirys0,,10| P, S) which may be measured by polarized Drell-Yan and RHIC Spin.
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Unpolarized (F}/Fy): on the lattice we can measure: (x),, (z?), and (z?),.
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Polarized (g1/g2): on the lattice we can measure: (1)a, (94), (T)ag, () ag, d1, da, (1), and (z)4,.
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and transversity (hq):
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Higher moment operators mix with lower dimensional ones: Only (z),, (1)aq, ()aq di, and (1)s, can be
measured with P = 0.
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Previous RBC and RBC+UKQCD calculations addressed two important sources of systematics:
e Time separation between nucleon source and sink,
e Spatial volume.

And though not explicitly addressed yet, a better understanding of quark mass dependence is necessary.

No source or sink is purely ground state:
e N0 + Aje P 1) 4 .
resulting in dependence on source-sink separation, teep = tsink — Csource;

(0[0]0) + Aje~E1=Eober (1]0|0) + ...

Any conserved charge, O = @, [H, Q] = 0, is insensitive because (1/Q|0) = 0.
® gy is clean,
e g, does not suffer so much, indeed we never detected this systematics,

e structure function moments are not protected, so we saw the problem.

We can optimize the source so that A; is small, and we take sufficiently large sep.
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Spatial volume. In Lattice 2007 Takeshi Yamazaki reported unexpectedly large finite-size effect:

e in axial charge, g4/gy = 1.2701(25), measured in neutron S decay, decides neutron life.
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e Heavier quarks: almost consistent with experiment, no discernible quark-mass dependence.
e Lighter quarks: finite-size sets in as early as m,L ~ 5, appear to scale in mL:
e If confirmed, first concrete evidence of pion cloud surrounding nucleons.

Many in the past pointed out this is a fragile quantity as pion mass is set light: Adkins+Nappi+Witten, Jaffe,
Kojo+McLerran+Pisarski, ...
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Nucleon mass: RBC/UKQCD (2+1)-flavor, ID+DWF ensembles have been reanalyzed for nucleon physics.
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with a1 = 1.371(10) GeV, (~ 4.6fm)? spatial volume.
Closer to physical mass, m, = 170 and 250 MeV, my < 1.0 GeV,
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With the new statistical technique, “AMA” offer x10-20 acceleration: by allowing
e cruder,
e but cheaper,

independent statistical sampling at much higher frequency, by taking advantage of point-group symmetries of
the lattice to organize many such cruder but independent and equivalent measurements:

L
BSEOVID[
>9levwv

AﬂlAZING £
<

InAGEsE
-

1 NSIOPPY 1 N, accurate (

Z <O>§loppy +

N, sloppy ¢ Naceurate a

(O)sccurate = {O)doppy)

accurate sloppy

(O) ania =



Shigemi Ohta Nucleon g4 systematics, Lattice 2014

With the AMA we established no excited-state contamination is present in any of our 170-MeV calculations:
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When compared with the same configurations, the difference is always consistent with 0.
A1(1]0]0) ~ 0 for any observable we look at: Aj; is negligible for these small (1|/O|0).

In agreement with many other groups’ experiences in controlling this systematics.
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This talk would not be possible without AMA:

observable fit range non AMA  AMA
gy 2-7  1.445(14) 1.449(8)
3-6 1.439(14)  1.447(8)
ga 2-7  1.8(2) 1.67(5)
3-6 1.8(2) 1.66(6)
ga/gv 2-7  1.26(13)  1.15(4)
3-6 1.28(15)  1.15(4)
(T)u—d 36 0.13(2)  0.146(7)
4-5  0.11(3) 0.145(8)
(T) Au—Ad 3-6 0.19(4) 0.165(9)
4-5  0.20(5) 0.167(10)
(Xyy—a/{(T)Au—na 36  0.64(13)  0.86(5)
4-5  0.5(2) 0.83(6)
(1) 6u—sd 36 1.7(2) 1.42(4)
4-5 1.7(2) 1.41(5)
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With AMA and other statistical improvements, g4/gy vs m2 then looked like the following:
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Moves away from the

experiment as m, approaches the experimental value.
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About 10-% deficit in g4 /gy seems solid except perhaps for O(a?) error:
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Excited-state contamination now is unlikely the cause.
Appears like monotonically decreasing with m, L.

In agreement with the great majority of other groups.
Why?

6.5
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Long-range auto-correlation seen in g4 /gy at m, = 170 MeV:
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Indicative of inefficient sampling.
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Long-range auto-correlation seen in g4 at m, = 170 MeV:
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Indicative of inefficient sampling.
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Long-range auto-correlation seen in g4 /gy at m, = 170 MeV:

2 I I I I

experiment: 1.2701(2|5)
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Indicative of inefficient sampling, but only in g4 and ga/gy.
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But no such auto-correlation is seen in other observables, gy, (x),_q or () Au_ad:
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But no such auto-correlation is seen in other observables, gy, (x),_q or () Au_ad:
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But no such auto-correlation is seen in other observables, gy, (x),_q or () Au_ad:
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But no such auto-correlation is seen in other observables, gy, (x),_q or () Au_ad:
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[sovector transversity, (1),_sq4, may show similar trend, but much milder at most:
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There appear long-range autocorrelations in axial charge but not in others:

Blocked jackknife analysis

bin size
1 2 3 4

gv
ga
ga/gv
(T)u—d
<x>Au—Ad
<w>u—d/ <$>Au—Ad
(1)5u—sd

1.447(8) 1.447(6) - i
1.66(6) 1.66(7)  1.71(8)  1.65(4)
1.15(4)  1.15(5)  1.15(6)  1.14(3)
0.146(7) 0.146(8) 0.146(8) -
0.165(9) 0.165(11) 0.165(10) -
0.86(5) 0.86(4) . i
1.42(4)  1.42(6)  1.42(6)  1.41(3)

except in perhaps transversity:.

But the difference may be hard to notice by standard blocked jackknife analysis.
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Long-range auto-correlation also seen in ga/gy also at m, = 330 MeV:
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but not at any larger m. L.
Indicative of insufficient spatial volume.

12
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Long-range auto-correlation seen in g4/gy:

experiment: 1.2701(2‘5)

'ID 170MeV AMA 18-conf(748-1084) x 112-meas: 1.26(5)

2
21-conf(1100-1420) x 112-meas: 1.07(5) —¥—
15 |- 1 st
I S S S L s S—
o S

0.5

1200 1400

|
9 0 :
600 800 1000
trajectory

Non-AMA analyses are much noisier but not inconsistent with these:
Indicative of inefficient sampling, but only in g4 and ga/gy.
Why?
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Why?

Difficult history:

WEIGHTED AVERAGE
-1.2701+0.0025 (Error scaled by 1.9)

!

............ LlU -1(]
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UCMNA
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CNTR
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xE
2.0
4.0
0.1
1.1
7.9

2.6

17.7

(Confidence Level = 0.0033)

Experimental value has been almost monotonically increasing since Maurice Goldhaber’s first measurement.

Lattice calculations appeared to follow the same path.
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Why?

Difficult history:

Non-relativistic quark model: 5/3. Very bad, but some “large-N,” conform?
And with absurd “relativistic” correction: 5/4, really?

Without pion,
MIT bag model: 1.09, as good(!) as lattice but when experiment was 1.22.}

With only pion,
Skyrmion: 0.61(!) with a peculiar geometry but when experiment was 1.23.

Accurate reproduction of the ‘pion cloud’ geometry seems essential.

! Assuming a growth rate of 0.001 per year.
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If the error stops growing after bin size of 34,
then the corresponding integrated autocorrelation time would be 20-30 MD time units,
similar to the known integrated autocorrelation time of topological charge.

1.18 I l I I I
scatter plot gA/gV jk samples and topology, 748-1420  +
117 +
+ + +
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1.16 + 4;_
+ + 7
>
= # + hy
> + + ++ *
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1.15 |- N * o+
+ * +
+
+
1.14
1.13 \ \ \ \ \
-20 -10 0 10 20

But no correlation is seen with topological charge.
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Or low-mode deflation? Statstics is limited to 748-1100:

average eigen values

r ID 170MeV eigenvalue 100-slice averages, 748-942
876-1100
0.0001 —
1le-05 —
1e-06 | | | | | | |
700 800 900 1000 1100 1200 1300 1400

traj

The lowest 100 modes are not different.
The higher the more different,
but not much different?

1500
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Uneven spatial distribution? Perhaps in x direction, ...
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Uneven spatial distribution? Perhaps in y direction, ...
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Uneven spatial distribution? Perhaps not in z, the spin, direction, ...
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Summary

Systematics are explored in nucleon isovector observables using 2+1f dynamical DWEF' ensembles,
e lattice cutoff ~ 1.4 GeV, (4.6fm)? spatial volume,
e good chiral and flavor symmetries up to O(a?), myesa ~ 0.002,
e m, ~ 170 and 250 MeV, my ~ 0.98 and 1.05 GeV,

jointly generated by RBC and UKQCD Collaborations.

Serious systematics in the axial charge, about 10-% deficit in g4/gy, with long-range autocorrelation,
e but does not appear correlated with topological charge;
e appears unevenly distributed in space some of the MD time;
e does not appear affected by low-mode deflation issues.

No such serious systematics is seen in other observables,

e cxcept perhaps in transversity, where it is at most shorter-range and milder.

If indeed accurate reproduction of the ‘pion cloud’ geometry is essential,
larger-volume study with high statistics is desired.



